Abstract-Doppler lidars with a high pulse repetition frequency are susceptible to range ambiguities from clouds and other distant targets with large backscatter. These range ambiguities degrade the quality of wind profiles and other calculated or retrieved variables. Here, a technique to detect and remove range-folded returns from the moment observations is proposed and described. A simplified method of removing erroneous wind observations from range-folded returns is also detailed. Through detection and removal of range-folded echoes, the quality and accuracy of wind profiles are shown to improve.
Detection of Range-Folded Returns in Doppler Lidar Observations
Timothy A. Bonin and W. Alan Brewer lidars [10] and Leosphere WINDCUBE 200S lidars, as shown herein.
Range folding occurs when an echo from a previous pulse is received after the transmission of a current pulse, resulting in the echo appearing much closer in range than in actuality. Range ambiguities result from the inability to distinguish folded and first-trip echoes. These ambiguities have plagued various forms of active remote sensing, most notably within radar observations (see [11] , [12] ). In radar, range-folded returns are often detected and removed using various signal processing techniques. Most notably, random phase coding and staggered pulse repetition time (PRT) schemes have been used to mitigate the effects of range folded echoes [13] , [14] . However, these techniques cannot be used to eliminate range ambiguities from currently available high pulse rate commercial Doppler lidars. These systems currently employ a single PRT, and the signal processing techniques used cannot be modified. Hence, a different approach is currently needed to detect range-folded echoes in Doppler lidar data. In the future, system designers and engineers should consider implementing a staggered or fractionally changing PRT for automatic detection of range ambiguities in Doppler lidar returns using well-established techniques.
While the raw spectral or autocovariance data can be saved by most systems, typical end users utilize only moment data such as backscatter intensity, radial velocity, and spectrum width (for systems whose spectrum width is provided). Herein, we identify a method using contextual information of these moments to identify range ambiguous echoes for removal from Doppler lidar data. The technique is applied to observations from a Leosphere WINDCUBE 200S, although the same algorithm could be applied with minor modifications to data from other Doppler lidars, such as the Halo Streamline. Within the moment observations (henceforth referred to as "beam data"), discontinuities in backscatter and radial velocity are primarily used to identify contaminated regions within a single scan, as is discussed in Section II-A. Additionally, a geometric relationship is used to identify range ambiguous echoes in both the beam data and derived products, such as wind profiles, as is discussed in Sections II-B and II-C. An example of wind profiles calculated before and after the removal of range-folded echoes is shown and discussed in Section III.
II. DETECTION AND REMOVAL TECHNIQUES
Automatically determining the true range of folded returns is difficult since echoes may be folded multiple times. Thus, the algorithms presented herein simply detect these range folded echoes for removal. To accomplish this, a three-pronged 1545-598X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. technique is used to detect and remove range ambiguous echoes from Doppler lidar observations, with each approach being outlined in the subsequent sections.
A. Discontinuity-Based Identification Within Beam Data
Within the beam data, range folded echoes often appear as sharp discontinuities in v r and SNR, as highlighted by the circles in Fig. 2 . The discontinuities are typically the result of strong returns from distant clouds higher in the atmosphere superimposed onto weaker signal within the ABL. Since these returns are from higher in the atmosphere, the wind speed and direction are often quite different from those within the ABL, resulting in the observed discontinuities in v r . However, the v r of the range folded echo can be similar to that of the background, such as a possible folded echo as indicated by the white circle in Fig. 2 . When this occurs, the spectrum width is generally increased due to the presence of two distinct proximate spectral peaks, similarly to that discussed by Fang et al. [15] in Doppler radar observations for a second-trip echo overlaid on a first-trip echo of roughly equivalent power (within 5 dB). An overview of how these discontinuities are detected and flagged is shown in Fig. 1 .
These echoes are primarily removed from the beam data through detection of unphysical discontinuities in v r within any scan. Herein, a scan refers to any plan position indicator (PPI), range height indicator (RHI), or stare, wherein the lidar is pointed at a particular position for a period of time. For implementation, values of v r where the SNR is below a certain threshold (−26 dB here) are removed, to reduce the possibly of false-detection of discontinuities that are the result of noisy data. Any regions above which the area averaged SNR decreases below the SNR threshold are flagged as a low-SNR region, also referred to as a "no context" region since there is no background flow information for which to compare with to determine if an echo is the result of a first trip. After removal of the low-SNR region, values of v r are computed as finite differences of v r both between each beam and range gate for a given scan. A discontinuity is detected when the condition v min is the minimum v r necessary to detect a discontinuity in v r , set as 2 m s −1 . It is primarily used to eliminate excessive detection of discontinuities when σ vr is small, especially when wind speeds are low.
For each discontinuity detected, a group of resolution volumes is extracted for clustering. The selected measurements form a square ±4 range gates and beams from the center of the discontinuity. These observations are clustered by v r into two separate groups using k-means clustering [16] . Presumably, the two clusters represent v r values associated with the range folded echo and those from first-trip returns. The two clusters are determined to be independent if the extrema of each group are more than four standard deviations from the mean of the other cluster or if the minimum difference of the extrema of v r between each group exceeds 3 m s −1 . If the clusters are not independent of each other, no changes are made to the data quality flags. If the clusters are independent of each other, each data point within the cluster with the larger SNR is flagged as a "second-trip echo." Since the regions of range folded echoes may be large and not included within the original cluster of points, this process (shown in Fig. 1 ) is repeated centered on each newly flagged data point until no more second-trip echoes are detected.
This technique is able to automatically detect many of the range folded echoes, as shown in Fig. 2(d) . However, when values of v r in the range-folded echo are similar to those in first-trip echoes, it is difficult to accurately detect range folded echoes using this technique alone. Fortunately, these echoes are not as crucial to remove. Since v r values are similar to those from first-trip echoes, derived wind profiles are not significantly affected by anomalous v r in these range-folded returns.
The various thresholds used here ( v min , v max , and difference of extrema of v r in two clusters) will change depending on the scanning parameters such as scan rate and range gate size. All of these thresholds would increase if the scan rate or range gate increased. Since sample volumes would be spaced farther apart, the magnitudes of v r would be larger overall. Likewise, the thresholds could be decreased if the scan rate or range gate size decreased. The thresholds also may change depending on the conservativeness of the user. While the fundamentals of this technique should be applicable to all Doppler lidar observations, the exact implementation and thresholds will vary on operation.
B. Echo Geometry Relationship
Beam data from an individual scan alone are not sufficient to identify all range-folded echoes, particularly in low-SNR regions. However, it is possible to use observations from multiple scans over a variety of elevation angles θ to discern whether these echoes are first-or multiple-trip returns. Assuming stationarity and that clouds are equally sampled across θ , first-trip echoes appear at the same height across all θ , such as at 4000 m in Fig. 3(a) . Conversely, rangefolded echoes appear at different heights depending on θ , as shown in Fig. 3(d) . Multiple-trip echoes can be identified by exploiting the characteristic that their apparent height is dependent on θ .
To make SNR comparable at different ranges from the Doppler lidar, values of SNR are transformed into range corrected intensity (RCI). This is done by calculating the mean SNR as a function of range from scans when θ is small (typically under 3 • ). This mean SNR is used to normalize instantaneous SNR for all scans to produce RCI. Values of RCI are used to form a map of where echoes are present at different θ . This map can be made for any time period when there is sufficient data across a variety of θ . However, the time window should not be too long that conditions change (e.g., a cloud layer completely moving out of the area). Herein, a 20-min window is used to create the map of echoes at different θ . Values of RCI are binned by θ and height z. A 250-m z and 5 • θ grid are used here for binning of the RCI. Within each θ and z bin, the temporal mean (RCI) and standard deviation (σ RCI ) of RCI are computed, as shown in Fig. 3(a) -(e).
For each z, a threshold value RCI TH is calculated as
This information is fed back into the beam data to refine the initial flags assigned from the technique in Section II-A. Data points within a height bin are flagged as a range-folded echo if both: 1) the RCI exceeds RCI TH (z) and 2) the beam flag as described in Section II-A is "no-context" or there is a discontinuity in RCI between range gates (>3 dB here for 50-m gates). By only flagging data points that meet both criteria 1) and 2), first-trip clouds are not flagged since these echoes appear across all θ for a given z. Any data points where RCI< RCI TH (z) and the beam flag is assigned "no-context" are likely due to first-trip clouds such as the echoes at 4 km in Fig. 3(a) , and are assigned flags of "first-trip cloud" to indicate an improved confidence in the data quality. The percentage of points flagged as range-folded echoes, as a proportion of the total number of points above the SNR threshold, is calculated and shown in Fig. 3(c) and (f). In both cases shown, there are few detected range-folded echoes near the surface and the number of detections generally increases with height. Near the surface, clear air returns dominate at all θ as shown by the low RCI. In Fig. 3(c) , the decrease in the amount of data flagged at 4 km is due to the presence of a first-trip cloud layer at all θ . At 4250 m in Fig. 3(f) , simply no range-folded echoes are detected, reflected by the low RCI.
The percentage of points flagged as range folded can be used to perform additional quality control in derived products, such as wind profiles. While this method may be used to remove most of the range-folded echoes, some are not detected, which may lead to erroneous wind profiles. Thus, if a great majority of the data points at a height are range folded, it is best to remove the wind measurement at that height since it is likely derived from folded echoes.
This method assumes that features, such as clouds and aerosol layers, are stationary over the scan time and sampled equally at all θ . While stratus cloud layers are likely to be sampled at all θ , scattered cumulus may only appear at a few θ where the beam intersects with the clouds. Thus, the echo associated with the cloud would be removed since it does not appear across all θ . Additionally, too much data may be removed if there is a large change in the aerosol loading over the averaging window. Thus, violations of the stationarity and equal sampling assumption typically result in flagging of valid first-trip echoes.
C. Simplified Wind Profile Correction
While the combined methods described in Sections II-A and II-B can be used to remove rangefolded echoes in the Doppler lidar beam data, a significant amount of processing time may be needed, especially for large data sets. However, using VAD wind profiles together with measurements from a vertically oriented beam, it is possible to remove erroneous wind observations resulting from range-folded echoes. This is essentially a simplified version of the method described in Section II-B. To apply this correction, it is assumed that all first-trip wind observations are coexistent with an echo from data collected at zenith. While this assumption is often safely made, there are times when cloud cover is patchy when an accurate wind observation may be retrieved, but no echo was observed for the time period when the lidar was oriented at zenith. This may lead to the removal of a valid wind observation.
For this correction, wind observations are simply removed if there is no echo is present within a proximate zenith measurement. Specifically, wind observations are removed if less one-third of the SNR values for a height are above the typical SNR value where echoes can be detected (i.e., the noise floor). For the WINDCUBE 200S here, that SNR value is −28 dB. Additionally, any wind observations within two range gates of a detected echo in the vertical stare are not removed, to account for the fact that cloud and aerosol layers may vary slightly over the different spatial and temporal between the VAD scans at the stares. An example of a wind profile before and after this correction is shown in Fig. 4 . In addition to a few valid measurements, many of the erroneous wind observations are correctly removed. This demonstrates that this simple technique may be used to remove most wind observations that are the result of range-folded echoes.
III. RESULTS
During the Lidar Uncertainty Measurement Experiment (LUMEX), a WINDCUBE 200S was deployed next to the National Oceanic and Atmospheric Administration highresolution Doppler lidar (HRDL; description can be found within [17] ) for intercomparison. Since the HRDL has a much higher pulse energy than the WINDCUBE 200S, it can utilize a much lower PRF of 200 Hz, which is two orders of magnitude lower than that of the WINDCUBE 200S, while maintaining similar or better sensitivity. As such, HRDL observations are free of range-folded echoes since its maximum unambiguous range is 750 km, making it the ideal instrument for verifying observations from the WINDCUBE 200S for showing the improvement in derived wind profiles after removing range-folded echoes.
Wind profiles from the HRDL and WINDCUBE 200S, before and after removal of range-folded echoes, are shown in Fig. 5 . Wind profiles shown in Fig. 5(a) used all data where the SNR was larger than −28 dB. Comparatively, the wind profiles in Fig. 5(b) were produced using the same data with range ambiguous regions as identified in Sections II-A and II-B removed. A wind measurement was not made where more than 60% of the data points were flagged as range ambiguities.
By comparing observations shown in Fig. 5 (a) and (b), there is clear improvement in the WINDCUBE 200S derived wind speeds after the range ambiguities are removed. A majority (91%) of the erroneously large wind speeds above 1500 m between 0000 and 0900 UTC are removed after the correction is applied, as determined through comparison with HRDL observations. Only a few highly erroneous wind observations remain, such as those at 2000-2500 m at ≈0800 UTC. These particular observations are not removed due to the fact that the range-folded echoes appeared at 2000-2500 m for every elevation angle, which is similar to the signature of a cloud deck. The removal of multiple-trip echoes from the beam data allowed retrieval of additional wind observations, such as those at 500-2500 m at 2000-2300 UTC. Without the removal of range-folded observations, a bimodal distribution of radial velocities based on returns from two different altitudes prevented convergence of a VAD fitting for a wind observation.
IV. CONCLUSION
Using newer high PRF Doppler lidars, range ambiguities within the moment data have led to highly erroneous wind profile observations and other derived statistics. Herein, a technique to detect range-folded observations within the moment observations has been proposed. Within the high aerosol content atmosphere near the surface, range-folded regions are initially detected by finding sharp discontinuities in SNR and v r in range and across beams. Areas are then clustered by their respective SNR and v r values to identify the regions of first-and multiple-trip echoes. To further distinguish if a return is the result of a first-trip return, an echo geometry relationship map is produced for a time period. Strong returns that do not appear at all elevation angles are likely the result of range folding, and are flagged as range-folded echoes if there is also a large discontinuity in SNR present. Calculated wind profiles are improved after range-folded echoes are removed from the beam data, as many of the erroneously large wind speeds are removed and additional wind observations within the lowest 2 km are recovered.
A simplified method to remove erroneous wind observations, which are the direct result of range-folded echoes, has been presented in Section II-C. This technique is computationally faster to run since the only inputs are derived statistics from the PPI scans and vertical stares. While this simplified technique correctly removes many of the specious wind observations, it alone is not sufficient to completely mitigate the effects of range-folded echoes on wind profiles. Removing range-folded beam data yields improved estimates of the wind profile in the presence of multiple-trip echoes.
The methods proposed here generally should be applicable to any Doppler lidar. However, exact details for how the methods are implemented vary based on the instrument, range gate size, scan rate, and other parameters. In applying these techniques, thresholds need to be chosen carefully based on these parameters to ensure multiple-trip echoes are detected.
